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Edited by Vladimir SkulachevAbstract Stimulated production of reactive oxygen species
(ROS) by plasma membrane-associated nicotinamide adenine
dinucleotide phosphate oxidases (Nox) in non-phagocytic cells
regulates a number of biological processes including growth, ves-
sel tone, and oxygen sensing. The purpose of this study was to
investigate H2O2-stimulated ROS production in primary adult
cardiac ﬁbroblasts (CF). Results demonstrate that CF express
an H2O2-inducible oxidant generating system that is inhibitable
by diphenylene iodonium (DPI) and sensitive to antioxidants. In
addition to H2O2, generation of ROS was stimulated potently by
1-oleoyl-2-acetyl-sn-glycerol (OAG) and arachidonic acid (AA)
in a protein kinase C-independent manner. Pretreatment with
arachidonyl triﬂuoromethyl ketone was nearly as eﬀective as
DPI at reducing H2O2- and OAG-stimulated oxidant generation
indicating a central role for phospholipase A2 (PLA2) in this sig-
naling pathway. Co-stimulation with H2O2 and OAG did not in-
crease ROS generation as compared to OAG alone suggesting
both agonists signal through a shared, rate-limited enzymatic
pathway involving PLA2. Co-stimulation with H2O2 and AA
had additive eﬀects indicating these two agonists stimulate oxi-
dant production through a parallel activation pathway. Reverse
transcriptase-coupled polymerase chain reaction and Western
blotting demonstrate primary cardiac ﬁbroblasts express
transcripts and protein for Nox4, p22, p47, and p67 phox. Trans-
fections with Nox4 small inhibitory ribonucleic acid oligonucleo-
tides or p22 phox antisense oligonucleotides signiﬁcantly
downregulated stimulated Nox activity. Inhibitors of nitric oxide
synthases were without eﬀect. We conclude adult CF express
Nox4/p22 phox-containing oxidant generating complex acti-
vated by H2O2, OAG, and AA through a pathway that requires
activation of PLA2.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Traditional thinking views ﬁbroblasts as primarily structural
elements associated with modulation of extracellular matrix
and tissue healing/repair. We [1] and others [2,3] have shown
primary cardiac ﬁbroblasts (CF) produce cytokines, chemo-
kines and other inﬂammatory markers, and data suggest they
serve as oxygen sensors in some tissues [4]. Moreover, emerg-
ing data suggest tissue speciﬁc diﬀerences in CF properties,
in particular their responses to stress. In the heart, elevated
reactive oxygen species (ROS) are transiently generated in
ischemic tissue upon reperfusion (I/R) [5,6]. We recently
showed exposure of primary adult cardiac ﬁbroblasts (CF) to
a brief pulse of physiological levels of H2O2 results in large de-
layed Ca2+ ﬂuxes and Ca2+-dependent interleukin-6 release [1].
In addition, we observed transient p38 MAP kinase and
ERK1/2 activations, as well as phenotypic changes marked
by reduced migration and decreased apoptotic cell death [7].
These results demonstrate myocardial I/R stimulated ROS
generation alters CF phenotype and initiates an inﬂammatory
response. The source of the ROS burst and the mechanisms of
ROS-initiated intracellular signaling in CF are not well
understood.
Non-phagocytic cells express membrane-associated
NAD(P)H oxidase (Nox) enzymes analogous to the gp91/
Nox2-containing phagocytic plasma membrane-associated
NADPH oxidase [8]. The functions of these enzymes are di-
verse and diﬀer signiﬁcantly from the phagocytic enzyme with
respect to mechanism of activation and amount of O2
produced. While phagocytes produce large quantities of O2
necessary for their crucial role in killing pathogens, many
non-phagocytic cells generate lower levels of O2 in response
to various stimuli including H2O2, which likely function as
intracellular and paracrine signaling molecules [9]. For exam-
ple, angiotensin II (AII) has been shown to induce TGF-b
expression in ventricular myocytes in an ROS-dependent man-
ner through the sequential activations of NADPH oxidase,
PKC, p38 MAP kinase and ultimately the redox-sensitive tran-
scription factor AP-1 [10]. Microvascular endothelial cells gen-
erate NADPH oxidase-dependent ROS in response to TNF-a
and phorbol esters [11]. These studies and others [12–14] dem-
onstrate the central importance of ROS in mediating intracel-
lular signaling.
The purpose of this study was to investigate ROS-induced
ROS production in primary adult CF. Furthermore, we soughtblished by Elsevier B.V. All rights reserved.
2534 J.T. Colston et al. / FEBS Letters 579 (2005) 2533–2540to identify the primary source(s) of stimulated ROS and char-
acterize activation mechanisms of the oxidase. Our results
demonstrate that CF express an ROS generating system that
is activated by H2O2, diacylglycerols, and arachidonic acid
(AA) through a mechanism that requires activation of cPLA2,
is protein kinase C independent, and is highly sensitive to
diphenylene iodonium (DPI) and antioxidants. We show for
the ﬁrst time that CF express mRNA and protein for Nox4
and its putative subunits suggesting a role for this enzyme in
stimulated ROS generation and oxidant signaling by CF.2. Materials and methods
2.1. Fibroblast isolation and culture
The investigation conforms with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health [15]. Cardiac-derived ﬁbroblasts were isolated from the
hearts of adult male WKY rats (200–250 g) using a method devel-
oped in our laboratory [1,7]. Brieﬂy, after induction of deep anes-
thesia with an i.m. injection (0.2–0.3 ml) containing a cocktail of
ketamine–acepromazine–xylazine (9:3:1), hearts were rapidly re-
moved, rinsed, and mounted via the aorta onto an 18-guage can-
nula attached to a Langendorﬀ-type apparatus allowing retrograde
perfusion of the coronary arteries. Hearts were perfused for 5 min
with 37 C sterile-ﬁltered calcium-free Krebs–Ringers–bicarbonate
buﬀer (KRB; NaCl 110 mmol/L, KCl 2.6 mmol/L, KH2PO4
1.2 mmol/L, MgSO4 1.2 mmol/L, NaHCO3 25 mmol/L, and glucose
11 mmol/L) at 80 mmHg. Hearts were perfused for a further 20–
25 min with KRB-enzyme solution containing 0.5 mg/ml type II col-
lagenase (Worthington Biochemical, Corp., Freehold, NJ), 25 lmol/
L CaCl2, and 1 mg/ml fatty-acid free albumin. After digestion, the
ventricles were trimmed free and minced in KRB-enzyme solution
containing 10 mg/ml albumin, ﬁltered through sterile nylon mesh
and centrifuged at 25 · g for 90 s to remove cardiomyocytes, RBCs
and debris. The resultant supernatant was then centrifuged at
1000 · g for 8 min. The cell pellet was resuspended in 20 ml CF
medium (CF; HEPES 15 mmol/L, NaHCO3 16.7 mmol/L, BME-
vitamins and MEM-amino acids each 1· [GIBCO BRL, Grand
Island, NY], glutamine 2 mM, heat-inactivated FBS 10%, and anti-
biotics, pH 7.3) and plated into T175 tissue-culture ﬂasks (Falcon,
Becton–Dickinson Labware, Franklin Lakes, NJ). Non-adherent
cells were removed by aspiration after 2 h and discarded. Cells were
fed with fresh medium three times per week using CF medium and
split 1:2 when conﬂuent.
CF and non-ﬁbroblast contaminants were identiﬁed by immunoﬂu-
orescence (IF) using routine methods [16] with the following antibod-
ies; FITC-conjugated monoclonal anti-b-actin (Sigma Chemical Co.,
St. Louis, MO), anti-PECAm-1 (CD-31; Research Diagnostics, Flan-
ders, NJ), anti-vimentin (Santa Cruz Biotechnology, Santa Cruz,
CA), and anti-smooth muscle actin (Sigma). After 2 serial passages
>99.7% of cells in these cultures exhibited vimentin and b-actin immu-
noreactivity, were CD-31 and smooth muscle actin negative, and dis-
played typical ﬁbroblast-like morphology. Non-ﬁbroblast cellsTable 1
RT-PCR primer sequences
Transcript Sense (5 0–3 0)
Nox1 TGTGTGTCGAAATCTGCTCTCC
Nox2 TATTGTGGGAGACTGGACTG
Nox3 GTATTTGCTGCAGAGGAC
Nox4 GTTCCAAGCTCATTTCCCAC
Nox5 GGGCAAGAATGACATGAAGG
p22phox CATTGCCAGTGTGATCTACC
p47phox CCACACCTCTTGAACTTC
p67phox CCACTCGAGGATTTGCTTCA
p40phox GCTGACATCGAGGAGAAGA
Noxo1 GCCTGCTACGGAGATCTGA
Noxa1 GCTGCGGGCATTTGACCAAtypically account for less than 0.1% of total cells as determined by
IF. Cardiac-derived ﬁbroblasts were used in these experiments between
the second and third passages.2.2. Intra- and extracellular ROS measurements
Intracellular ROSwas monitored using the ROS-sensitive ﬂuorescent
probe, 2 0,7 0-dichloroﬂuorescein diacetate (DCF; [17]). CF were plated
into clear bottom, black walled 96-well plates (Corning Inc., Corning
N.Y.) at 1500 cells/well. CF were loaded for 20 min with 10 lM DCF
in buﬀer (137 mMNaCl, 1.2 mMMgSO4, 4.9 mMKCl, 1.2 mMNaH2-
PO4, 20 mM HEPES, 15 mM glucose, 1.8 mM CaCl2, pH 7.4), washed
and read in a microplate ﬂuorometer/luminometer with 485/20 excita-
tion and 528/20 emission ﬁlters (FLx800i, Bio-Tek Instruments, Winoo-
ski, VT). DCF ﬂuorescence was monitored for 1 h, stored on
microcomputer and analyzed using KC4 software (Bio-Tek). The rate
of ROS production was deﬁned as the slope of the linear portion of
the ﬂuorescence curve for each test well (typically linear >20 min).
The plates were then frozen at 80 C for 2 h, thawed and stained with
the nucleic acid-sensitive CyQuant GR dye according to the manufac-
turers protocol (Molecular Probes, Eugene, OR). This allowed normal-
ization of ROS generation rates to DNA content. Data are expressed as
the ratio of the rate of DCF ﬂuorescence to CyQuant ﬂuorescence.
Extracellular ROS levels were monitored using an enhanced lumi-
nol-based assay (LumiMax, Stratagene, La Jolla, CA). CF were plated
into 96-well plates as described above, stimulated and assayed for
superoxide anion using the manufacturers protocol.
2.3. Western blotting
Extraction of protein homogenates, Western blotting, and autoradi-
ography were performed as previously described [1,18]. The following
antibodies and dilutions were used: rabbit anti-Nox4 (1:1000; kind gift
from Dr. Hanna Abboud), rabbit anti-p22 phagocyte oxidase (phox)
(1:2000; Santa Cruz Biotechnology, Santa Cruz, CA; FL-195), goat
anti-p47 phox (1:2500; Santa Cruz; C-20), rabbit anti-p67 phox
(1:2500; Santa Cruz; H-300), goat anti-gp91/Nox2 (1:2000; Santa Cruz;
C-15). Brieﬂy, 10-20 lg total protein/lane was separated on 12% SDS–
PAGE gels, blotted onto nitrocellulose and detected by enhanced
chemiluminescence (ECL; Amersham Biosciences, Piscataway, NJ).
Molecular weights of phox subunits were estimated from prestained
high and low molecular weight markers (BioRad).
2.4. RT-PCR detection of phox subunits
Total RNA was isolated from CF grown in 100 mm culture dishes
using TriZol reagent according to the manufacturers instructions
(Invitrogen, Carlsbad, CA). Total RNA (0.5–1 lg) was reverse tran-
scribed and ampliﬁed using the Titan One Tube RT-PCR system
(Roche Applied Science, Indianapolis, IN) using the oligonucleotide
primers shown in Table 1. Following reverse transcription and PCR
the amplicons were separated on 2% agarose gels, stained with ethi-
dium bromide and photographed.
2.5. p22 phox Antisense and Nox4 siRNA transfections
CF grown to 50% conﬂuency in 6-well plates were transfected with
the following p22 phox oligonucleotides (200 nM) using oligofecta-
mine reagent (Invitrogen): sense 5 0-GGTCCTCACCATGGGGCA-
GATC-3 0, antisense 5 0-GATCTGCCCCATGGTGAGGACC-3 0,Antisense (50–3 0) Accession No.
TGAGAACCAAAGCCACAGTG NM_053683
GATTGGCCTGAGATTCATCC AY174116
ATTCTGCATAGCGGTCTC AF190122
GTATCGATGCAAACGGAGTG NM_053524
TCTGTTGAGCAGGATTAGGG AF317889
ATTACAGTGGGCATCACC AJ295951
GCCATCTAGGAGCTTATG AF260779
ATCTTGGAATGCCTGGGCTC XM_344156
AGGATCTTCACGAAGGACC AB002665
TTCTCCACCAGCCACCAGCCT AF539797
AAGGAAATCCATGGGCTCCA AY25570
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experiments, FITC-labeled oligonucleotides were transfected into CF
to verify and monitor uptake. CF were transfected with the following
two Nox4 siRNAs (Ambion) at 100 nM ﬁnal concentration each: siR-
NA1 5 0-GUUAGUCUGUGUGUGGCUGtt-30, siRNA2 5 0-GAU-
UUGCCUGGAAGAACCCtt-3 0 as described [19].
2.6. Arachidonic acid release
Primary CF were grown to 90% conﬂuency in 6-well plates (Corn-
ing). CF were labeled overnight with [3H]arachidonic acid (0.5 lCi/
ml; DuPont NEN Research Products, Boston, MA) in CF medium
containing 10% serum. Cells were washed three times and stimulated
with H2O2 (100 lM, 3 min), 1-oleoyl-2-acetyl-sn-glycerol (OAG;
100 lM), or buﬀer (control). After 1 h medium was collected and ana-
lyzed for [3H]AA content by scintillation counting. Raw CPM were
converted to DPM and normalized to DNA content (CyQuant Assay).80
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Fig. 1. Panel A, brief H2O2 stimulates ROS generation in CF.
DCF-loaded primary CF were stimulated as indicated and moni-
tored for 1 h in a microplate. Values represent means ± 1 S.D.
(n = 6); P < 0.01, P < 0.001 versus no H2O2 stimulus. Panel B,
eﬀects of kinase inhibitors on OAG- and AA-stimulated ROS
generation. DCF-loaded primary CF were stimulated with the
diacylglycerol analog OAG (100 lM) or AA (100 lM) in the
absence (no inhibitor) or presence of the following kinase inhibitors:
BIM (400 nM) and STA (50 nM). DCF ﬂuorescence (ROS) was
monitored for 1 h with kinetic data normalized to cell count by
CyQuant assay as described under Section 2. Values represent
means ± 1 S.D. (n = 6). Panel C, exogenous H2O2 potentiates AA-
but not OAG-stimulated ROS generation in CF. DCF-loaded
primary CF were stimulated with either OAG (100 lM) or AA
(100 lM) and monitored for 1 h in a microplate ﬂuorometer. Data
was normalized to cell count by CyQuant assay as described under
Section 2. Values represent means ± 1 S.D. (n = 6); P < 0.001 versus
no inhibitor.3. Results
Exposure of CF to a 3 min pulse of H2O2 stimulated endog-
enous ROS production. As shown in Fig. 1A, brief exposure of
CF to >10 lM H2O2 led to dose-dependent increases in the
rate of ROS generation whereas lower doses were without ef-
fect. Hydrogen peroxide readily diﬀuses across cell membranes
and may directly stimulate DCF ﬂuorescence especially during
sustained exposures. However, given the brevity of the stimu-
lus (3 min), the inclusion of catalase (500 U/ml) in the test buf-
fer in selected experiments to scavenge any residual exogenous
H2O2, and the duration of DCF ﬂuorescence monitoring (1 h),
the eﬀects of applied H2O2 on the kinetics of ROS generation is
likely the result of stimulated endogenous production rather
than any direct oxidation of the ﬂuorescent probe. Pretreat-
ment with DPI, a ﬂavin-containing enzyme inhibitor, eﬀec-
tively blocked peroxide-induced ROS production implicating
an NADPH oxidase (Nox, Duox) and/or nitric oxide synthase
(NOS) as possible sources of ROS. Since DCF is unable to dis-
criminate between several intracellular ROS species including
H2O2 and NO [17], we sought to deﬁne the relative contribu-
tion of NO to the ROS signal. Pretreatment of CF with various
NOS inhibitors including L-NAME (100 lM) and 1400 W
(5 lM) had no eﬀect on peroxide-induced DCF ﬂuorescence.
Furthermore, metabolites of NO were undetectable in culture
supernatants after 48 h using colormetric and ﬂuorometric as-
says (not shown). These data suggest that NO does not con-
tribute substantially to the observed ROS signal. Similarly,
extracellular ROS levels remained below threshold detection
limits using a luminol-based assay.
Activation of protein kinase C (PKC) is known to stimulate
ROS production via Nox in many cell types. However, treat-
ment with various concentrations of phorbol ester (PMA)
failed to stimulate ROS generation. As shown in Fig. 1B, treat-
ment with either the diacylglycerol analog OAG or AA was
eﬀective at stimulating ROS production in CF. The possibility
that OAG and AA may stimulate PKC, and sequentially acti-
vate Nox, through a phorbol ester-independent mechanism
was investigated by pretreatment with the speciﬁc PKC inhib-
itor bisindolemaleimide (BIM) and pan-kinase inhibitor
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Fig. 2. Panel A, treatment of CF with brief H2O2 (100 lM) or OAG
(100 lM) stimulates [3H]AA release. Primary CF (passage 2) were
labeled overnight with 0.5 mCi [3H]AA, washed and stimulated for 1 h
as indicated. [3H]AA release was determined by scintillation counting.
Values represent means ± 1 S.D. (n = 6); P < 0.001 versus no stimu-
lation and normalized to DNA content (CyQuant). Panel B, H2O2 and
OAG stimulate ROS generation through a PLA2-dependent mecha-
nism. DCF-loaded primary CF were stimulated with H2O2 or OAG in
the presence or absence of the PLA2 inhibitor AATFMK (100 lM) or
DPI. Values represent means ± 1 S.D. (n = 6); P < 0.001 versus no
inhibitor.Panel C, role of Ca2+ in H2O2- and OAG-stimulated ROS
generation. DCF-loaded primary CF were stimulated with OAG
(100 lM) or H2O2 under the following conditions: 1.8 mM Ca
2+
(normal Ca2+), intracellular Ca2+ depletion following thapsigargin
pretreatment (TG), no extracellular Ca2+ (no [Ca2+]o), and intracel-
lular Ca2+ depletion with no extracellular Ca2+ (TG + no [Ca2+]o).
Data was normalized to cell count by CyQuant assay as described
under Section 2. Values represent means ± 1 S.D. (n = 6); \P < 0.05,
P < 0.01, P < 0.001 versus normal Ca2+.
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inhibitors had on OAG- and AA-stimulated ROS generation.
Similar to H2O2, Fig. 1C demonstrates that OAG- and
AA-stimulated ROS production was sensitive to DPI but not
L-NAME suggesting peroxide, OAG, and AA may target a
common ROS generating complex. Co-stimulation with
OAG and H2O2 together did not signiﬁcantly increase ROS
production as compared to OAG alone whereas stimulation
with AA and H2O2 together had additive eﬀects. These data ta-
ken together suggest H2O2 and OAG may stimulate ROS pro-
duction through a common, rate-limited pathway whereas
exogenous AA stimulates ROS production through a parallel
pathway, though all appear to ultimately activate a common,
DPI-sensitive oxidase.
OAG and H2O2 are known activators of phospholipase A2
(PLA2) leading to phospholipid turnover and AA release,
which has been shown to activate Nox in some cells [20,21].
Therefore, we investigated whether PLA2 activation by perox-
ide or OAG could be central to subsequent ROS generation.
As shown in Fig. 2A, stimulation with either brief H2O2 or
OAG was eﬀective at stimulating AA release from primary
CF. Fig. 1B shows the eﬀects of cPLA2 inhibition on OAG-
and H2O2-stimulated ROS production. Pretreatment with the
PLA2 inhibitor, arachidonyl triﬂuoromethyl ketone
(AATFMK; 100 lM) signiﬁcantly blunted OAG and peroxide
stimulated ROS. By comparison, DPI was slightly more potent
as an inhibitor of ROS production than AATFMK. These
data support the hypothesis that cPLA2 is the primary target
of OAG and peroxide and AA may be the common mediator
leading to Nox activation in primary CF. However, whether
other DPI-sensitive oxidases are also activated and contribute
to the observed ROS signals is unknown and will require fur-
ther investigation.
Since endogenous ROS generation may be redox sensitive
[22,23], we studied the eﬀects of various antioxidants including
diethyldithiocarbamate (DDC), pyrrolidinedithiocarbamate
(PDTC), N-acetyl cysteine (NAC), and the combination of
ascorbate and a-tocopherol (Vitamins C/E). Table 2 shows
that while all antioxidants reduced ROS generation, DDC
was the most potent antioxidant reducing DCF ﬂuorescence
to background levels independent of the stimulus. NAC and
PDTC were somewhat less potent and vitamins C/E were the
least eﬀective at attenuating ROS generation. Experiments
were conducted with antioxidant pretreatments (while DCF
loading) and with antioxidants administered simultaneously
with the stimulant (after DCF loading). In each case, whether
the cells were pretreated with antioxidants or treated simulta-
neously with H2O2, OAG, or AA, the ROS quenching eﬀects
were unaltered indicating antioxidants did not aﬀect DCF
loading.
We have previously shown [1] that exposure of CF to brief
H2O2 results in large Ca
2+ ﬂuxes which were shown subse-
quently to be inhibited by DPI. Although the ROS-dependence
of stimulated Ca2+ ﬂuxes was demonstrated unambiguously,
whether ROS generation in CF requires Ca2+ ﬂuxes is un-
known. This was investigated by stimulating cells with OAG
and H2O2 (i) in buﬀer containing normal Ca
2+ (1.8 mM; no
treatment), (ii) in buﬀer containing normal Ca2+ where intra-
cellular Ca2+ was depleted with thapsigargin (TG), (iii) in
Ca2+-free buﬀer without thapsigargin (no [Ca2+]o), and (iv)
by stimulating Ca2+-depleted cells in Ca2+-free buﬀer. Fig.
2C demonstrates that reducing or eliminating Ca2+ ﬂuxes does
Fig. 3. Nox4 and phox subunit expression in primary CF. Total RNA was isolated, reverse transcribed and ampliﬁed by PCR (35 cycles) using the
primers shown in Table 1. Panel A shows Nox4, p22, p47, and p67 amplicons visualized on an ethidium bromide-stained 2% agarose gel. (B) Total
protein was isolated from primary CF, separated on a 12% SDS–PAGE gel, blotted onto nitrocellulose and detected by enhanced
chemiluminescence.
Fig. 4. Nox4 siRNAs blunts stimulated ROS generation in CF.
Primary CF grown to 50% conﬂuence in 100 mm plates were
transfected with Nox4 siRNA and stimulated with OAG, AA, and
H2O2 after 48 h. Data represent means ± 1 S.D. (n = 6).
P < 0.01,
P < 0.001 versus no siRNA.
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Fig. 5. Oxidant-induced activation of CF Nox4. Exogenously gener-
ated H2O2 activates CF PLA2 leading to AA release and activation of
Nox4. Activation of Nox4 by AA may occur directly and/or through
induction of Nox subunits (dashed lines). Nox4 generates superoxide
which is converted to H2O2 either enzymatically (dismutase) or
spontaneously resulting in redox-sensitive gene transcription.
AATFMK, arachidonyl triﬂuoromethyl ketone; DPI, diphenylene
iodonium; OAG, 1-oleoyl-2-acetyl-sn-glycerol.
Table 2
Antioxidants inhibit stimulated ROS generation in CF
No inhibitor DDC PDTC NAC Vitamins C/E
Control 10.7 ± 0.5 2.0 ± 0.3 5.4 ± 0.4 5.9 ± 0.9 3.5 ± 0.4
OAG 49.8 ± 5.2 2.7 ± 0.4 18.3 ± 1.7 26.2 ± 4.8 28.1 ± 2.9
AA 35.3 ± 2.0 1.6 ± 0.4 N.D. 15.3 ± 2.3 9.28 ± 0.7
H2O2 (100) 44.3 ± 2.4 3.1 ± 0.5
 20.2 ± 2.1 11.5 ± 1.7 30.0 ± 3.2
H2O2 (1000) 69.9 ± 3.0 3.0 ± 0.2
 28.4 ± 3.0 24.9 ± 7.8 44.9 ± 1.6
Abbreviations: DDC, diethyldithiocarbamate; PDTC, pyrrolidinedithiocarbamate; NAC, N-acetyl cysteine; vitamin C, ascorbate; E, a-tocopherol.
P < 0.01, P < 0.001 (versus no inhibitor), N.D. not determined.
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oxide stimulation, may actually potentiate ROS production.
RT-PCR and Western blotting were used to detect phox
subunits to deﬁne potential elements of a functional Nox com-
plex in CF (Fig. 3). RT-PCR primers were designed to amplify
all known phox subunits. In cases where negative results were
obtained, a second, and in some cases a third primer pair was
employed. Results show (Panel A) that unstimulated primaryCF express mRNA transcripts for Nox4, p22 phox, p47 phox,
and p67 phox. These results were conﬁrmed by Western blot-
ting and are shown in Fig. 3B. The Nox4 polyclonal antibody
detected a dominant band of approximately 80 kDa, slightly
larger than the 75 kDA predicted size [4]. Bands corresponding
to p22 phox, p47 phox, and p67 phox were similar to expected
molecular weights. We attemped to block Nox4 activity by (i)
transfecting cells with p22 phox antisense oligonucleotides and
2538 J.T. Colston et al. / FEBS Letters 579 (2005) 2533–2540(ii) by transfecting cells with siRNAs directed aginst the Nox4
transcript. Treatment with p22 antisense oligos signiﬁcantly
reduced the rate of peroxide-stimulated ROS generation
by approximately 50%, from 526 ± 31 F.U./min to 271 ±
25 F.U./min (P < 0.01; no oligo versus p22 phox antisense,
respectively) similar to earlier reports [24,25]. Transfections
with scrambled and sense oligos had minimal eﬀects on rates
of stimulated ROS generation (not shown). Fig. 4 demon-
strates that CF transfected with Nox4 siRNA resulted in sig-
niﬁcant reductions in OAG-, AA-, and H2O2-stimulated
ROS generation. The inability of p22 phox antisense and
Nox4 siRNA treatments to completely block stimulated ROS
production may be due to incomplete inhibition of the expres-
sion of these gene products or may suggest the presence of
other DPI-sensitive ROS generating mechanisms in adult
CF. These data demonstrate that CF express a functional cyto-
chrome b558 with the catalytic core likely composed of Nox4
and p22. Whether p47 phox, p67 phox, or other protein(s)
are also required for ROS generating activity is unknown
and will require further investigation. A proposed scheme
showing oxidant-induced Nox4 activation in CF is presented
in Fig. 5.4. Discussion
This study demonstrates for the ﬁrst time that adult CF ex-
press an ROS-inducible, PLA2-dependent NADPH oxidase
that is rapidly activated by H2O2, diacylglycerol (OAG), and
AA but is insensitive to phorbol esters and elevated intracellu-
lar Ca2+. RT-PCR and Western blotting demonstrate that pri-
mary adult CF express abundant Nox4, p22, p47, and p67
phox mRNA and proteins. We observed that CF also express
very weak Nox2 mRNA by RT-PCR but protein was unde-
tectable by Western blotting. Furthermore, stimulated ROS
generation was sensitive to antioxidants and the ﬂavin-
containing enzyme inhibitor DPI but does not appear to in-
volve signiﬁcant contributions from nitric oxide synthase
(NOS) activity as inhibitors of NOS were without eﬀect, and
nitric oxide (NO) metabolites were undetectable in stimulated
culture supernatants. Our results suggest that CF express an
ROS generating system that may be unique compared to other
ﬁbroblasts and that Nox expression and function in CF is tis-
sue speciﬁc.
Recent work has demonstrated that adventitial ﬁbroblasts
generate extracellular superoxide following activation of
Nox2 (formerly gp91 phox) [26]. Expression of the phago-
cytic-type Nox2 enzyme has been reported in ﬁbroblasts from
various tissues [26–28]. Wang et al. [26] showed that aortic
advential cells express Nox2, p22, p47, and p67 phox subunits.
These authors demonstrated that superoxide production by
these cells was not aﬀected by inhibition of other ROS produc-
ing enzymes including xanthine oxidase, mitochondrial oxi-
dases, and NOS. These data are supported by Sorescu et al.
[27] who showed Nox2 immunoreactivity mainly in the adven-
titia whereas Nox4 was abundantly expressed in the smooth
muscle cells of the media and only weakly in ﬁbroblasts.
Adventitial ﬁbroblasts play an active role in regulating vascu-
lar tone by limiting the diﬀusion and bioavailability of NO;
superoxide inactivates NO by reacting to produce peroxyni-
trite [29]. In contrast, we show that primary CF mainly express
Nox4 and not Nox2 indicating that ﬁbroblast Nox expressionis tissue speciﬁc. Such diﬀerences in Nox expression suggests
there may be important and unique functions of ﬁbroblasts
that reside in diverse tissues.
Nox4 (formerly RENOX) expression has been demonstrated
primarily in kidney, uterus, and testes [8] and has been sug-
gested to mediate oxygen sensing [30] in some tissues. The
presence of Nox4 expression in CF supports the hypothesis
that ﬁbroblasts, in addition to regulating extracellular matrix,
may function as oxygen sensors in the heart. Ultrastructural
work by Nag [31] and others have shown that 65–70% of cells
in the mammalian heart are non-myocytes. The non-myocytes
were subsequently shown to be >90% CF and were observed in
close contact with myocytes and vascular structures [32]. We
[1] and others [2,33,34] have demonstrated that CF constitute
a rich source of cytokines, chemokines, and growth factors,
substances with known eﬀects on myocyte function. For exam-
ple, stimulation of CF with a brief pulse of physiological levels
of H2O2 results in transient activation of MAP kinase path-
ways and induction of IL-6 [1], a cytokine with hypertrophic
and anti-apoptotic properties in the heart. Thus, given the
abundance of CF in the heart and their close proximity to
working myocytes and vascular cells, it is likely that CF play
an important role in sensing changes in the physical and bio-
chemical milieu and produce paracrine factors capable of mod-
ulating myocyte function. Our investigations suggest ROS
generation by CF could participate in the process by which
myocytes adapt to stress.
The molecular structure and activation characteristics of
Nox4 are poorly understood. Gorin et al. [35] have recently
reported the expression and angiotensin II (AII)-induced acti-
vation of Nox4 in mesangial cells. These authors showed that
binding of AII to its G protein-coupled receptor results in
activation of PLA2, AA production, Nox4 activation and
ROS generation. The Nox4 expressed in CF shares similari-
ties with the mesangial cell oxidase but signiﬁcant diﬀerences
in activation were observed. We found that inhibition of
cPLA2 with AATFMK signiﬁcantly reduced ROS generation
following brief stimulation with H2O2 or the diacylglycerol
analog OAG, and that this inhibitor was of similar magni-
tude as was seen with DPI pretreatment (see Fig. 2B). Phor-
bol esters and diacylglycerols are potent activators of several
Nox isoforms including phagocytic Nox2 which may [36] or
may not [20] require PKC activity. We found that CF Nox
activation does not require PKC. Peroxide-, OAG-, and
AA-stimulated ROS generation in CF was insensitive to both
phorbol esters (PMA) and PKC inhibition with BIM or STA
(see Fig. 1B). In this regard, diacylglycerols are known to
bind and activate enzymes other than PKCs including phos-
pholipases (e.g., cPLA2) [37]. Some phospholipases are also
activated by ROS including H2O2 [38,39] providing a com-
mon signaling pathway for DAGs and ROS. Further evi-
dence supporting a central role for PLA2 is provided by the
observation that OAG-stimulated ROS generation was not
potentiated by exogenous H2O2 whereas it was additive when
administered with AA (see Fig. 1C). These data suggest that
both OAG and H2O2 stimulate ROS production through a
shared, rate-limited enzymatic pathway likely involving
cPLA2 and implicate AA as a common signaling molecule
leading to Nox activation in CF.
A simple yet plausible mechanism for stimulated CF Nox
activity involves the sequential activation of PLA2, AA pro-
duction and ROS generation (Fig. 5). Whether AA directly
J.T. Colston et al. / FEBS Letters 579 (2005) 2533–2540 2539activates Nox or acts as an intermediate signaling molecule in
CF is unknown. Current understanding of Nox2 activation by
AA in neutrophils suggests a role for calmodulin and/or cal-
modulin-binding proteins [40]. Our data show that depletion
of intracellular Ca2+ had no signiﬁcant eﬀect on ROS genera-
tion, whereas stimulation of Ca2+-depleted CF in Ca2+-free
buﬀer actually potentiated ROS. These data demonstrate
AA-stimulated Nox activity may involve Ca2+-dependent or
-independent mechanisms dictated by the isoform and/or sub-
unit composition of the cytochrome b558 complex and/or the
cell type and tissue.
RT-PCR and Western blotting demonstrate that CF express
mRNA transcripts and proteins for Nox4, p22, p47, and p67
phox. Although a detectable RT-PCR product was observed
for Nox2, we could not detect Nox2 protein by Western blot-
ting. Other phox subunits including p40, p41, and p51 could
not be detected by RT-PCR using multiple primers. In order
to determine whether the Nox4/p22 complex was indeed the
major oxidase contributing to stimulated ROS production in
CF, we transfected the cells with Nox4 siRNA and p22 anti-
sense oligonucleotides and assayed for basal and stimulated
ROS generation after 48 h. Treatment with p22 antisense oli-
gos reduced the rate of H2O2 stimulated ROS generation by
>50% which is in agreement with other reports [24,25]. Sense
and scrambled oligos had minimal eﬀects. Similarly, as shown
in Fig. 7, transfection of CF with a combination of two Nox4
siRNAs resulted in signiﬁcant reductions in OAG, AA, and
H2O2-stimulated ROS generation after 48 h, similar to other
reports [41]. A role for p47 phox and p67 phox in stimulated
CF ROS production was not determined in the present study
and will require further investigation.
We report that primary CF express an ROS-, diacylglycerol-
and AA-stimulated oxidase that is rapidy activated and insen-
sitive to phorbol esters and PKC inhibition. The major
NADPH oxidase isoform expressed by CF is composed of
Nox4 and p22 phox proteins. Though other phox subunits
were detected, their function in the CF oxidase complex re-
mains unclear and will required further studies. This oxidase
was shown to be activated in a dose-dependent manner by
H2O2 and diacylglycerol which sequentially stimulate cPLA2
activity, generate AA, and activate Nox4 leading to intracellu-
lar ROS production. The ROS generation was inhibitable to
various degrees following pretreatments with antioxidants or
DPI. In conclusion, we show for the ﬁrst time that CF express
mRNA and protein for Nox4, p22 phox, p47 phox, and p67
phox implicating this enzyme complex in stimulated ROS gen-
eration in CF.Acknowledgment: This work was supported by the Research Service of
the Department of Veterans Aﬀairs and the Biomedical Research
Foundation of South Texas.References
[1] Colston, J.T., Chandrasekar, B. and Freeman, G.L. (2002) A
novel peroxide-induced calcium transient regulates interleukin-6
expression in cardiac-derived ﬁbroblasts. J. Biol. Chem. 277,
23477–23483.
[2] Gray, M.O., Long, C.S., Kalinyak, J.E., Li, H.-T. and Karliner,
J.S. (1998) Angiotensin II stimulates cardiac myocyte hypertro-
phy via paracrine release of TGF-[beta]1 and endothelin-1 from
ﬁbroblasts. Cardiovasc. Res. 40, 352–363.[3] Ma, X.L., Kumar, S.P., Gao, F.P., Louden, C.S.P., Lopez,
B.L.M., Christopher, T.A.M., Wang, C.M., Lee, J.C.P., Feuer-
stein, G.Z.M. and Yue, T.-L.P. (1999) Inhibition of p38 mitogen-
activated protein kinase decreases cardiomyocyte apoptosis and
improves cardiac function after myocardial ischemia and reper-
fusion. Circulation 99, 1685–1691.
[4] Shiose, A., Kuroda, J., Tsuruya, K., Hirai, M., Hirakata, H.,
Naito, S., Hattori, M., Sakaki, Y. and Sumimoto, H. (2001) A
novel superoxide-producing NAD(P)H oxidase in kidney. J. Biol.
Chem. 276, 1417–1423.
[5] Garlick, P.B., Davies, M.J., Hearse, D.J. and Slater, T.F. (1987)
Direct detection of free radicals in the reperfused rat heart using
electron spin resonance spectroscopy. Circ. Res. 61, 757–760.
[6] Bolli, R., Patel, B.S., Jeroudi, M.O., Lai, E.K. and McCay, P.B.
(1988) Demonstration of free radical generation in ’’stunned’’
myocardium of intact dogs with the use of the spin trap a-phenyl-
N-tert-butyl nitrone. J. Clin. Invest. 82, 476–485.
[7] Colston, J.T., de la Rosa, S.D. and Freeman, G.L. (2004) Impact
of brief oxidant stress on primary adult cardiac ﬁbroblasts.
Biochem. Biophys. Res. Commun. 316, 256–262.
[8] Cheng, G., Cao, Z., Xu, X., Meir, E.G.V. and Lambeth, J.D.
(2001) Homologs of gp91phox: cloning and tissue expression of
Nox3, Nox4, and Nox5. Gene 269, 131–140.
[9] Li, W.-G., Miller Jr., F.J., Zhang, H.J., Spitz, D.R., Oberley,
L.W. and Weintraub, N.L. (2001) H2O2-induced O

2 production
by a non-phagocytic NAD(P)H oxidase causes oxidant injury. J.
Biol. Chem. 276, 29251–29256.
[10] Wenzel, S., Taimor, G., Piper, H. and Schluter, K. (2001) Redox-
sensitive intermediates mediate angiotensin II-induced p38 MAP
kinase activation, AP-1 binding activity, and TGF-beta expression
in adult ventricular cardiomyocytes. FASEB J. 15, 2291–2293.
[11] Li, J.-M., Mullen, A.M., Yun, S., Wientjes, F., Brouns, G.Y.,
Thrasher, A.J. and Shah, A.M. (2002) Essential role of the
NADPH oxidase subunit p47phox in endothelial cell superoxide
production in response to phorbol ester and tumor necrosis
factor-{alpha}. Circ. Res. 90, 143–150.
[12] Mahadev, K., Wu, X., Zilbering, A., Zhu, L., Lawrence, J.T.R.
and Goldstein, B.J. (2001) Hydrogen peroxide generated during
cellular insulin stimulation is integral to activation of the distal
insulin signaling cascade in 3T3-L1 adipocytes. J. Biol. Chem.
276, 48662–48669.
[13] Colavitti, R., Pani, G., Bedogni, B., Anzevino, R., Borrello, S.,
Waltenberger, J. and Galeotti, T. (2002) Reactive oxygen species
as downstream mediators of angiogenic signaling by vascular
endothelial growth factor receptor-2/KDR. J. Biol. Chem. 277,
3101–3108.
[14] Xu, Y.C., Wu, R.F., Gu, Y., Yang, Y.-S., Yang, M.-C.,
Nwariaku, F.E. and Terada, L.S. (2002) Involvement of TRAF4
in oxidative activation of c-Jun N-terminal kinase. J. Biol. Chem.
277, 28051–28057.
[15] Reports, O.o.S.a. H. (1985). Guide to the Care and Use of
Animals. In, DRR/National Institutes of Health, Bethesda, MD.
[16] Colston, J.T., Chandrasekar, B. and Freeman, G.L. (1998)
Expression of apoptosis-related proteins in experimental coxsac-
kievirus myocarditis. Cardiovasc. Res. 38, 158–168.
[17] Myhre, O., Andersen, J.M., Aarnes, H. and Fonnum, F. (2003)
Evaluation of the probes 2 0,7 0-dichloroﬂuorescin diacetate, lumi-
nol, and lucigenin as indicators of reactive species formation.
Biochem. Pharmacol. 65, 1575–1582.
[18] Chandrasekar, B., Colston, J.T., de la Rosa, S.D., Rao, P. and
Freeman, G.L. (2003) TNF-alpha and H2O2 induce IL-18 and
IL-18R beta expression in cardiomyocytes via NF-kappa B
activation. Biochem. Biophys. Res. Commun. 303, 1152–1158.
[19] Elbashir, S., Harborth, J., Weber, K. and Tuschl, T. (2002)
Analysis of gene function in somatic mammalian cells using small
interfering RNAs. Methods 26, 199–213.
[20] Erickson, R.W., Langel-Peveri, P., Traynor-Kaplan, A.E., Hey-
worth, P.G. and Curnutte, J.T. (1999) Activation of human
neutrophil NADPHoxidase by phosphatidic acid or diacylglycerol
in a cell-free system. Activity of diacylglycerol is dependent on its
conversion to phosphatidic acid. J. Biol. Chem. 274, 22243–22250.
[21] Barlow, R., El-Mowafy, A. and White, R. (2000) H(2)O(2) opens
BK(Ca) channels via the PLA(2)-arachidonic acid signaling
cascade in coronary artery smooth muscle. Am. J. Physiol 279,
H475–H483.
2540 J.T. Colston et al. / FEBS Letters 579 (2005) 2533–2540[22] Ulker, S., McKeown, P.P. and Bayraktutan, U. (2003) Vitamins
reverse endothelial dysfunction through regulation of eNOS and
NAD(P)H oxidase activities. Hypertension 41, 534–539.
[23] Chen, X., Touyz, R.M., Park, J.B. and Schiﬀrin, E.L. (2001)
Antioxidant eﬀects of vitamins C and E are associated with
altered activation of vascular NADPH oxidase and superox-
ide dismutase in stroke-prone SHR. Hypertension 38, 606–
611.
[24] Ushio-Fukai, M., Zafari, A.M., Fukui, T., Ishizaka, N. and
Griendling, K.K. (1996) p22phox Is a critical component of the
superoxide-generating NADH/NADPH oxidase system and reg-
ulates angiotensin II-induced hypertrophy in vascular smooth
muscle cells. J. Biol. Chem. 271, 23317–23321.
[25] Gorlach, A., Diebold, I., Schini-Kerth, V.B., Berchner-Pfannsch-
midt, U., Roth, U., Brandes, R.P., Kietzmann, T. and Busse, R.
(2001) Thrombin activates the hypoxia-inducible factor-1 signal-
ing pathway in vascular smooth muscle cells: role of the p22phox-
containing NADPH oxidase. Circ. Res. 89, 47–54.
[26] Wang, H.D., Pagano, P.J., Du, Y., Cayatte, A.J., Quinn, M.T.,
Brecher, P. and Cohen, R.A. (1998) Superoxide anion from the
adventitia of the rat thoracic aorta inactivates nitric oxide. Circ.
Res. 82, 810–818.
[27] Sorescu, D., Weiss, D., Lassegue, B., Clempus, R.E., Szocs, K.,
Sorescu, G.P., Valppu, L., Quinn, M.T., Lambeth, J.D., Vega,
J.D., Taylor, W.R. and Griendling, K.K. (2002) Superoxide
production and expression of Nox family proteins in human
atherosclerosis. Circulation 105, 429–1435.
[28] Szocs, K., Lassegue, B., Sorescu, D., Hilenski, L., Valppu, L.,
Couse, T., Wilcox, J., Quinn, M., Lambeth, J. and Griendling, K.
(2002) Upregulation of Nox-based NAD(P)H oxidases in reste-
nosis after carotid injury. Sclerosis Thromb. Vasc. Biol. 22, 21–27.
[29] Beckman, J., Beckman, T., Chen, J., Marshall, P. and Freeman,
B. (1990) Apparent hydroxyl radical production by peroxynitrite:
implications for endothelial injury from nitric oxide and super-
oxide. Proc. Natl. Acad. Sci. USA 87, 1620–1624.
[30] Geiszt, M., Kopp, J., Varnai, P. and Leto, T. (2000) Identiﬁcation
of renox, an NAD(P)H oxidase in kidney. Proc. Natl. Acad. Sci.
USA 97, 8010–8014.[31] Nag, A.C. (1980) Study of non-muscle cells of the adult
mammalian heart: a ﬁne structural analysis and distribution.
Cytobios 28, 41–61.
[32] Eghbali, M. (1992) Cardiac ﬁbroblasts: function, regulation of
gene expression, and phenotypic modulation. Bas. Res. Cardiol.
87, 183–189.
[33] Ancey, C., Corbi, P., Froger, J., Delwail, A., Wijdenes, J.,
Gascan, H., Potreau, D. and Lecron, J. (2002) Secretion of IL-6,
IL-11 and LIF by human cardiomyocytes in primary culture.
Cytokine 18, 199–205.
[34] Long, C., Kariya, K., Karns, L. and Simpson, P. (1990) Trophic
factors for cardiac myocytes. J. Hyperten. Suppl. 8, S219–S224.
[35] Gorin, Y., Ricono, J.M., Kim, N.-H., Bhandari, B., Choudhury,
G.G. and Abboud, H.E. (2003) Nox4 mediates angiotensin II-
induced activation of Akt/protein kinase B in mesangial cells. Am.
J. Physiol. 285, F219–F229.
[36] Price, M., McPhail, L., Lambeth, J., Han, C., Knaus, U. and
Dinauer, M. (2002) Creation of a genetic system for analysis of
the phagocyte respiratory burst: high-level reconstitution of the
NADPH oxidase in a nonhematopoietic system. Blood 99, 2653.
[37] Lichtenbergova, L., Yoon, E. and Cho, W. (1998) Membrane
penetration of cytosolic phospholipase A2 is necessary for its
interfacial catalysis and arachidonate speciﬁcity. Biochemistry 37,
14128–14136.
[38] Goldman, R., Ferber, E. and Zort, U. (1992) Reactive oxygen
species are involved in the activation of cellular phospholipase A2.
FEBS Lett. 309, 190–192.
[39] Zor, U., Ferber, E., Gergely, P., Szucs, K., Dombradi, V. and
Goldman, R. (1993) Reactive oxygen species mediate phorbol
ester-regulated tyrosine phosphorylation and phospholipase A2
activation: potentiation by vanadate. Biochem. J. 295, 879–888.
[40] Hartﬁeld, P. and Robinson, J. (1998) Arachidonic acid activates
NADPH oxidase by a direct, calmodulin-regulated mechanism.
Prostagl. Lipid Med. 56, 1–6.
[41] Ago, T., Kitazono, T., Ooboshi, H., Iyama, T., Han, Y., Takada,
J., Wakisaka, M., Ibayashi, S., Utsumi, H. and Iida, M. (2004)
Nox4 as the major catalytic component of an endothelial
NAD(P)H oxidase. Circulation 109, 227–233.
